To synthesize the UFA palmitoleic acid, E. coli requires an enzyme which introduces the double bond of unsaturates, ,-hydroxydecanoyl-thioester dehydrase (the product of the fabA gene), and the fatty acid synthetase system, which specifically utilizes the chain-elongating enzyme encoded for by thefabB gene, the P-ketoacyl-acyl carrier protein (ACP) synthase I (2, 5, 7). Palmitoleic acid is converted to cisvaccenic acid by the fatty acid synthetase system, which specifically utilizes the chain-elongating enzyme encoded for by thefabF gene, the P-ketoacyl-ACP synthase II (6-8).
fadR strains to synthesize UFAs at rates comparable to those offadR' strains is phenotypically asymptomatic unless the fadR strain also carries a lesion infabA, the structural gene for ,B-hydroxydecanoyl-thioester dehydrase. Unlike fadR' fabA(Ts) mutants, fadR fabA(Ts) strains synthesize insufficient UFA to support their growth even at low temperatures and, therefore, must be supplemented with UFA at both low and high temperatures. The low levels of UFA in fadR strains are not due to the constitutive level of fatty acid-degrading enzymes in these strains. These results suggest that a functional fadR gene is required for the maximal expression of UFA biosynthesis in E. coli.
Unsaturated fatty acids (UFAs) comprise about one-half of the fatty acid content of wildtype Escherichia coli and are primarily found esterified in the second position of the sn-glycerol 3-phosphate backbone of the membrane phospholipids. Palmitoleic acid (A9 C16:1) and cisvaccenic acid (All C18:1) are the major UFAs in this organism, whereas palmitic acid (C16:0) is the primary saturated fatty acid. Cronan and Gelmann (3) have shown that a minimum of 15 to 20% of the total fatty acid content in the phospholipids of E. coli must be UFA for the cell to grow at 35°C. When the UFA content falls below 15%, growth ceases and the cells lyse (3) .
To synthesize the UFA palmitoleic acid, E. coli requires an enzyme which introduces the double bond of unsaturates, ,-hydroxydecanoyl-thioester dehydrase (the product of the fabA gene), and the fatty acid synthetase system, which specifically utilizes the chain-elongating enzyme encoded for by thefabB gene, the P-ketoacyl-acyl carrier protein (ACP) synthase I (2, 5, 7) . Palmitoleic acid is converted to cisvaccenic acid by the fatty acid synthetase system, which specifically utilizes the chain-elongating enzyme encoded for by thefabF gene, the P-ketoacyl-ACP synthase II (6) (7) (8) .
Wild-type E. coli K-12 oxidizes fatty acids by cyclic ,B-oxidation and thiolytic cleavage to acetyl coenzyme A (acetyl-CoA) which is further t Present address: Department of Microbiology, Southern Illinois University, Carbondale, IL 62901. metabolized via the tricarboxylic acid cycle and the glyoxylate shunt (15, 17, 19) . The syntheses of at least five fatty acid degradation (fad) enzymes are coordinately induced when longchain fatty acids (C12 to C18) are present in the growth medium (11, 18, 22) . The genes coding for the fad enzymes are located at several sites on the chromosome and comprise a regulon. The expression of the fad regulon is under negative control by the fadR gene (17, 19, 20) , which maps at 25.5 min on the revised E. coli K-12 linkage map (1, 19) . Thefad enzymes are inducible in wild-type (fadR+) strains and constitutive in fadR strains (17, 19, 20) . The fadR gene also appears to negatively control the expression of the aceAB operon (12, 14, 15) .
In this paper, we present studies which suggest that the fadR gene may play a role in the regulation of UFA biosynthesis. We have found that fadR mutants synthesize substantially less UFA than fadR+ strains. Further studies suggest that a functional fadR gene is required for maximal UFA synthesis, particularly that of All C18:1 in E. coli.
MATERUILS AND METHODS
Bacterial strains, media, and growth conditions. The strains used in this study were all derivatives of E. coli K-12 (Table 1) . Preparation of phage stocks and transductions were performed as previously described (19) . Strains bearing the fabA2 lesion have a temperaturesensitive defect in ,-hydroxydecanoyl-thioester dehydrase (4, 5) , the enzyme which catalyzes the formation of the double-bond moiety of UFA. Strains LS6483 b Transposon insertions are designated as previously described (10, 14 Tetracycline was used at 20 p.g/ml, and kanamycin was used at 30 ,ug/ml. Lipid analysis. Phospholipids were extracted from whole cells by the method of Gelmann and Cronan (8) . Fatty acids from either phospholipid or fatty acid synthetase reaction mixtures were converted to methyl esters as described by Gelmann and Cronan (8) .
Radioactive fatty acid methyl esters were analyzed by chromatography on silver nitrate-impregnated Silica Gel G thin-layer plates (9) . These plates were obtained by dipping Silica Gel G thin-layer plates (250 p.m thick) into a solution of 15% (wt/vol) AgNO3 in acetonitrile. After evaporation of the solvent, the plates were activated at 100°C for at least 2 h. Plates prepared in this manner and developed twice in toluene at -22°C gave highly reproducible separations of palmitoleic, cis-vaccenic, and saturated fatty acids similar to those reported previously (8) .
Nonradioactive fatty acid methyl esters were resolved by gas-liquid chromatography on columns (1.8 m by 4 mm) of 10% Apiezon L on 60/80 Chromosorb W.
A Varian model 3700 instrument equipped with dualflame ionization detectors was used. This instrument was run at 220°C, with a carrier gas flow of 45 ml/min.
The fatty acid methyl esters were identified as described by Gelmann and Cronan (8) . Phospholipids were separated on commercial Silica Gel G plates (250 ,um) as described previously (8, 13) .
Fatty acid synthetase. Fatty acid synthetase was measured in vitro as described by Gelmann and Cronan (8) . Crude extracts for these assays were prepared by disrupting mid-exponential-phase cells in a French press as previously described (12) . The studies presented in this paper were performed with cells which had been grown in minimal medium E supplemented with thiamine, 50 mM glycerol, and 100 ,uM oleate.
Materials. Radioactive chemicals were obtained from New England Nuclear Corp., Boston, Mass. Thin-layer chromatographic plates were obtained from Analtech, Newark, Del.
RESULTS
UFA Synthesis in fadR+ fabA2 and fadR fabA2 strains. We first became aware that the fadR gene played a role in UFA biosynthesis during attempts to construct fadR derivatives offadR+ fabA2 mutants. The fadR+ fabA2 mutants (UC1098 and LS6483) used for these genetic manipulations were unable to grow at temperatures above 32°C unless supplemented with an UFA ( Table 2 ). The requirement for an UFA at temperatures above 32°C is due to a lesion in the fabA gene which results in the formation of a Phydroxydecanoyl-thioester dehydrase activity of greatly increased thermolability (3, 9) . The fadR+ fabA2 mutants grew normally at temperatures below 32°C without UFA supplementation (Table 2) . We were unable to construct fadR The above studies prompted us to compare the UFA content in the fabA+ parents of the fadR+ fabA2 and fadR fabA2 strains. The fadR fabA+ strains RS3010 and RS3040 synthesized at least 30% less UFA than the isogenic fadR' fabA+ strain K-12 ( Table 3) . The All C18.1 content in the fadR fabA+ strains was at least 54% less than that in the fadR+ fabA+ strain ( (Table 4 ). The content of both UFAs (C16i1 and C18i1) decreased in fadR strains, although the effect on All C18:1 was more severe (data not shown). In the control experiments for the latter studies, there was no difference in the UFA content between fadR+ fabA+ and fadR+ fabA+ fad strains (data not shown). When the UFA composition was compared in fadR+ and fadR strains under conditions of severe catabolite repression (i.e., growth in a medium containing D-glucose) and mild catabolite repression (i.e., growth in tryptone broth or minimal medium containing acetate), the fadR strains synthesized significantly less UFA than did fadR+ strains (Table 5) . Overall, the latter results and the studies with the fad derivatives of fadR+ and fadR strains indicate that UFA are not preferentially degraded in fadR strains and that the fad enzymes are not responsible for altering the UFA content in these strains.
In vitro UFA synthetase activity in fadR+ and fadR strains. Fatty acid synthetase activity in fadR+ and fadR strains was determined in vitro. ThefadR strains synthesized less UFA than did fadR+ strains (Table 6 ). Phospholipid synthesis in fadR+ and fadR strains. Vanderwinkel et al. (21) have shown that fadR strains, grown on rich medium at 37°C, synthesize more cardiolipin and less phosphatidylglycerol than do fadR+ strains. Our fadR strains contained slightly greater amounts of the acidic phospholipids phosphatidylglycerol and cardiolipin, but the phosphatidylglycerol/cardiolipin ratio seemed to vary with the strain examined ( Table 7 ). The latter results are similar to those obtained by Vanderwinkel et al. (21) . Therefore, the synthesis of UFA was reduced and the phospholipid composition was altered in fadR strains. The phospholipid compositions of fadR+ fabA2 strains were examined and compared with those offadR fabA+ strains to determine whether strains that synthesize less UFA have altered phospholipid compositions. fadR+ fabA2 strains synthesized less phosphatidylethanolamine and more cardiolipin than didfadR' fabA+ strains (Table 7) . Although the phospho- (8) . The cell extracts were prepared by harvesting cultures during exponential growth at 30°C in minimal medium containing 50 mM glycerol and 100 ,uM C18:1. The cells were washed once with 10 mM potassium phosphate (pH 7.0), suspended in the same buffer plus 3-mercaptoethanol (10 mM) , and disrupted by passage through a French pressure cell. This extract was centrifuged at 50,000 x g for 30 min, and the supernatant fluid was used as the enzyme source. The rates of total fatty acid synthesis in all of these strains were all approximately equal (3 nmol/min per mg of protein).
b Saturated fatty acids. 108 cells per ml, 1-ml portions were removed, in duplicate, and treated as described in Table 3, footnote a. The rates of phospholipid synthesis in the fadR and fadR+ strains were ca. 3 nmol/min per mg of protein. In studies in which the bulk fatty acid composition of these strains, grown under the same conditions, was determined by gas-liquid chromatography, the results were comparable to those in this table (data not shown).
b Phospholipids.
thioester dehydrase (the fabA gene product) activity than do fadR+ strains and that fadR strains are unusually sensitive to the specific dehydrase inhibitor 3-decenoyl-N-acetylcysteamine (D. Clark and J. E. Cronan, unpublished data). These findings are consistent with the lower rates of UFA synthesis in fadR strains observed in vivo (Table 3 ) and in vitro (Table 6) . However, other studies suggest that the decreased ,-hydroxydecanoyl-thioester dehydrase level offadR strains is not solely responsible for the UFA deficiency in these strains. For instance, fadR strains that overproduce the dehydrase, owing to a putative promoter mutation in the fabA gene, synthesize less UFA than fadR+ strains carrying the same putative fabA promotor mutation (D. Clark, D. deMendoza, and J. E. Cronan, manuscript in preparation). More studies will have to be performed to ascertain the nature of the putative promotor mutations and to reconcile the results of Clark et al. with the findings presented in this paper. Current emphasis is now being focused on the effect of a fadR mutation on fabA and fabB mRNA synthesis.
